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Abstract
We study reheating processes and its cosmological consequences in the Starobinsky model
embedded in the old-minimal supergravity. First, we consider minimal coupling between the
gravity and matter sectors in the higher curvature theory, and transform it to the equivalent
standard supergravity coupled to additional matter superfields. We then discuss characteristic
decay modes of the inflaton and the reheating temperature TR. Considering a simple model
of supersymmetry breaking sector, we estimate gravitino abundance from inflaton decay, and
obtain limits on the masses of gravitino and supersymmetry breaking field. We find TR ≃
1.0 × 109 GeV and the allowed range of gravitino mass as 104 GeV . m3/2 . 105 GeV,
assuming anomaly-induced decay into the gauge sector as the dominant decay channel.
1 Introduction
The recent observations of cosmic microwave background (CMB) by the WMAP [1] and Planck
satellites [2] indicate that nature is simple and minimal, providing increasing evidence to favor
single field inflationary models.
Among the pioneering [3, 4, 5, 6, 7, 8] and newer models of inflation [9], Starobinsky model [3]
occupies a unique position, since it does not require any new field to drive inflation which we
call the inflaton. Its original version [3] is based on a higher curvature action which emerges by
incorporating matter loops to the Einstein Hilbert action. Since all the second-order contributions
of curvature tensors that affect the Einstein equation in a conformally flat geometry including the
Robertson-Walker spacetime can be adequately described by the square scalar curvature term,
currently popular version of Starobinsky model simply consists of linear and second-order terms
of the Ricci scalar R [10].
In this model inflation is followed by an oscillatory behavior of the Hubble parameter, which
results in gravitational particle production to reheat the Universe. Making use of a conformal
transformation, one can also recast the system to the Einstein action containing a scalar field,
dubbed as the scalaron acting as the inflaton, with a specific potential whose overall magnitude is
determined by the coefficient of R2 term in the original action [11, 12]. In this picture reheating is
described by the decay of the scalaron. Various aspects of reheating after R2 inflation have been
studied in Refs. [13, 14, 15, 16, 17]. Ref. [15] showed that dark matter and baryon asymmetry
are produced at reheating by introducing Majorana neutrinos. Ref. [17] showed that parametric
resonance is not strong enough to form long-living localized objects, and thus reheating proceeds
through perturbative decay of the inflaton.
The only adjustable parameter of Starobinsky model, namely the coefficient of the curvature
square term, can be fixed by the amplitude of curvature perturbation [18]. Its spectral index ns
and the tensor-to-scalar ratio r have also been confronted with observations, and interestingly,
this oldest inflation model occupies just the central region of their error ellipses [1, 2]. This
feature was challenged this March by BICEP2 collaboration [19], which claimed to have detected
B-mode polarization of CMB corresponding to a value of r much larger than favored by these
satellite based observations. It turned out later, however, that the contamination of foreground
dust may be so significant that one cannot rule out models with small r yet at all [20, 21, 22].
Thus the observational validity of Starobinsky model is still intact.
Needless to say, on the other hand, occupying the central region of the likelihood contour does
not necessarily mean the model is the right one, and we should continue our efforts to further
clarify features of Starobinsky model in the context of modern high energy theories, in particular,
in supersymmetry (SUSY) which reduces the hierarchy problem significantly, naturally realizes
gauge coupling unification, and provides cold dark matter candidates.
In the case of Starobinsky model, which is a theory of gravity, SUSY actually means su-
pergravity (SUGRA) [23]. There are two minimal choices for the SUGRA multiplet: the old-
minimal [24, 25, 26] and new-minimal [27] formulations. These two formulations utilize different
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SUGRA auxiliary fields, but they coincide on-shell for the standard SUGRA action, whose bosonic
part is General Relativity.1 This situation changes in the case of higher-derivative SUGRA, in-
cluding SUGRA versions of Starobinsky model, because these auxiliary fields become propagating
degrees of freedom. Embedding of the Starobinsky action into the old-minimal SUGRA was stud-
ied at the linearized level in Ref. [29] and the non-linear level in Ref. [30], where the duality to
the standard SUGRA action with additional superfields was also established (in analogy with the
bosonic case [11, 12]). Tachyonic instability during the inflationary phase was cured in Ref. [31].
In this SUGRA setup, the R+ R2 action (without higher order terms) emerges from generic F -
and D-term action (without derivatives and superderivatives) [30, 32] (see also Refs. [33, 34]).
The limited case, F -term generic action, was rediscovered in Ref. [35] and developed, e.g., in
Refs. [36, 37] and its cosmological application was considered in Refs. [38, 39], but actually D-
term action is required to realize Starobinsky inflation [40, 41, 34, 42]. In the new-minimal
SUGRA, embedding of Starobinsky model was studied in Ref. [43] and reconsidered in the infla-
tionary context with higher order corrections in Ricci scalar in Ref. [44]. See also Ref. [45].
Besides these pure SUGRA models without matter, there are many SUGRA models with
matter that have Starobinsky-like scalar potentials (see, as an incomplete list, Refs. [30, 40, 31,
46, 44, 45, 41, 34, 47, 48]), so it is of prime importance to distinguish these models by studying
cosmological scenarios after inflation. To discuss reheating of the universe, one has to couple
the pure SUGRA inflation sector to matter sector. Ref. [49] studied soft SUSY breaking pattern
in the old-minimal case, whereas Ref. [50] discussed some features of matter-coupling in the
new-minimal setup.
In this paper, we consider generic old-minimal SUGRA models [30, 32, 34] that realize
Starobinsky inflation focusing particularly on the model in Ref. [31]. One of the reasons for
the choice of the old-minimal formulation is that one has eventually to break R-symmetry to
give gauginos their masses, but the new-minimal formulation has an exact R-symmetry. We
assume the absence of even higher order terms in scalar curvature, corresponding to absence
of superderivatives in the SUGRA action, because such terms may modify or hamper inflation
[51]. We introduce matter-coupling and study its cosmological consequences. In particular, we
study various inflaton decay channels extensively. In contrast to the original non-SUSY version
of reheating in the Starobinsky model, there is a long-lived particle, gravitino. The gravitino
is the superpartner of the graviton and hence always present in SUGRA, and its abundance is
a cosmologically important subject. We thus study the partial decay rate into gravitinos, and
resultant constraints on parameters of the theory.
Before explaining our setup in section 2, we briefly emphasize the differences from the liter-
ature. In our setup, as we will see, the inflaton must have specific super- and Ka¨hler potentials.
For example, the exponential of Ka¨hler potential linearly depends on the real part of the infla-
ton, while the gauge kinetic function never depends on the inflaton. Our setup, the old-minimal
SUGRA realization of the Starobinsky model, is thus predictive. To the best of our knowledge,
1In the case without any higher derivative terms, the equivalence between different formulations of SUGRA is
shown from the conformal SUGRA viewpoint [28].
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this is the first study of inflaton decay and gravitino production in the theory described by a
modified action of supergravity. In section 3, we study various partial decay rates of the inflaton.
In section 4, we discuss the cosmological constraints from gravitino abundance. We summarize
and discuss differences from the original (non-SUSY) version of the Starobinsky model in sec-
tion 5. The duality transformation between a higher derivative SUGRA and the corresponding
standard SUGRA is reviewed, and some generalization of it is discussed in Appendix A. We use
the reduced Planck unit c = ~ = MG = 1 with MG = MPl/
√
8pi = 1/
√
8piG unless otherwise
stated, and basically use the notation and convention of Ref. [52].
2 Starobinsky model embedded in matter-coupled old-minimal
supergravity
The Starobinsky model is based on a pure gravity action with a second order term of scalar
curvature. In the supergravity side, a generic (super)gravitational action up to matter and
(super)derivatives is
Sgrav =
∫
d4xd4θEN(R, R¯) +
[∫
d4xd2Θ2EF (R) + H.c.
]
, (1)
where R is the curvature chiral superfield, E is the full density, E is the chiral density, Θ is
the so-called new Θ variable [52], N(R, R¯) is a Hermitian function, and F (R) is a holomorphic
function.2
To discuss inflaton decay and reheating of the universe, we consider a simple way of coupling
the above action to matter sector. We take the minimal coupling between the SUGRA sector
described by the curvature chiral superfieldR and the matter sector described by chiral superfields
φi and vector superfields V A:
S =
∫
d4xd4θE
(
N(R, R¯) + J (φ, φ¯egV ))
+
[∫
d4xd2Θ2E
(
F (R) + P (φ) + 1
4
hAB(φ)W
AWB
)
+H.c.
]
=
∫
d4xd4θEN(R, R¯)
+
[∫
d4xd2Θ2E
(
F (R) + 3
8
(
D¯D¯ − 8R) e−K(φ)/3 + P (φ) + 1
4
hAB(φ)W
AWB
)
+H.c.
]
,
(2)
where g is the gauge coupling constant, φ collectively denotes φi’s, J
(
φ, φ¯egV
)
is a Hermitian
function, P (φ) is a holomorphic function, and K(φ)(φ, φ¯egV ) = −3 ln
(
−J(φ,φ¯egV )3
)
is the Ka¨hler
potential of the matter fields.
2The first, non-holomorphic term is called D-term action as it is from D-component of Ka¨hler potential of R,
while the second, holomorphic term is called F -term action as it is from F -component of superpotential of R.
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The above action can be recast into the following form [30, 50]:
S =
∫
d4xd2Θ2E
3
8
(
D¯D¯ − 8R) e−K/3 +W + 1
4
hABW
AWB +H.c., (3)
with the Ka¨hler potential and superpotential specified as follows,
K = −3 ln
(
T + T¯ −N(S, S¯)− J(φ, φ¯egV )
3
)
, (4)
W = 2TS + F (S) + P (φ). (5)
The derivation (in a more general setup) is reviewed in Appendix A. Note that the dependence
of these potentials on the inflaton T is completely determined by the structure of the theory:
the origin of the inflaton T is the Lagrange multiplier.3 This structure is not altered even if
non-minimal couplings between R and matter superfields, which we do not discuss in this paper,
are introduced because they become non-minimal couplings between S (but not T ) and matter
superfields in the transformed theory.4 Therefore, in this sense, the couplings between T and
matters discussed in this paper are universal in old-minimal Starobinsky inflation.
The Ka¨hler metric and its inverse are given by
gIJ¯ =
3(
T + T¯ −N − J)2
 1 −NS¯ −Jj¯−NS NSS¯ (T + T¯ −N − J)+NSNS¯ NSJj¯
−Ji NS¯Ji Jij¯
(
T + T¯ −N − J)+ JiJj¯
 ,
(6)
gI¯J =
T + T¯ −N − J
3

(
T + T¯ −N − J)+NSNS + JkJk NS J j
N S¯ N S¯S 0
J i¯ 0 J i¯j
 , (7)
where I, J, · · · = T, S, i, j, . . . (or φi, φj , . . . ) are field indices, N S¯S = (NSS¯)−1, J i¯j is the inverse
matrix of Jij¯ , and indices are uppered and lowered by these matrices, e.g. N
S = N S¯SNS¯ and
J i¯ = J i¯jJj . The scalar potential is
V =
(
3
A
)2 (
N S¯S |2T + FS |2 + |2S|2
(
A+NSN
S + JiJ
i
)
+ P¯i¯J
i¯jPj
+
{
2S¯
[
(2T + FS)N
S + PiJ
i − 3W ]+ h.c.})+ g2
2
DADA, (8)
where we have defined a compact notation A ≡ T + T¯ −N−J .5 Indices of D-terms, DA (DA), are
lowered (lifted) by (the inverse of) the real part of the gauge kinetic matrix function hRAB (h
AB
R ).
3Recently, the work [53] suggested a higher derivative SUGRA model in which a superpotential term of S and
T is given by W = g(T )S. Such a superpotential can be realized if T is not a Lagrange multiplier but a chiral
multiplet coupled to R and R¯ (see Ref. [54] for an earlier discussion). We briefly discuss similar extensions in
Appendix A. In this work, we discuss the minimal case that the chiral multiplets T and S are purely originated
from the gravitational multiplet and its higher derivative modes, and that the superpotential term of T and S is
given by W = 2TS as in eq. (5).
4We briefly discuss a possibility of T dependent gauge kinetic functions in Appendix A.
5 It is often denoted as Ω = −3A in the standard notation [52], and φ˜ = −3A in the conformal SUGRA
notation [55]. The functional form of Ω is important for the SUSY breaking effects on inflationary dynamics [56].
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The inflaton (or SUGRA) sector (T and S) of this class of modified SUGRA models was
studied in Ref. [34]. The Starobinsky model is realized in this setup essentially as the modified
Cecotti model [31]:
N(S, S¯) =− 3 + 12
m2Φ
SS¯ − ζ
m4Φ
(
SS¯
)2
, (9)
F (S) =0, (10)
where mΦ is the inflaton mass at the vacuum, and ζ (> 0) gives a SUSY-breaking mass to
S and stabilizes its potential. The real part of T becomes the inflaton, and the canonically
normalized scalar potential is that of the Starobinsky model, V =
3m2Φ
4
(
1− e−
√
2/3R̂eT
)2
, where
R̂eT ≡ −K/√6 is the canonically normalized inflaton field (during inflation). S is the sGoldstino
field that breaks SUSY during inflation. At the vacuum (T = S = 0), SUSY is preserved.
Introduction of the linear term in S/mΦ into eq. (9) can make SUSY breaking vacua with
an almost vanishing cosmological constant without spoiling inflation [57]. This is an interesting
possibility because the higher derivative version of the purely supergravitational theory describes
not only the inflation but also SUSY breaking. However, the SUSY breaking scale becomes
the inflation scale (mΦ ∼ 1013 GeV), which typically makes the Higgs particle too heavy [58].
Although the tree-level contributions to soft SUSY breaking parameters can be suppressed by
assuming a minimal coupling between the MSSM sector and the SUGRA sector as in our setup,
there are anomaly-mediated contributions to gaugino masses, which in turn give other particles
their masses through renormalization group running.
Therefore, we concentrate on models that deviate (if any) only slightly from the simple model
(9), (10). For definiteness, we assume |NS | and |N S¯SFSS | are at most of order the gravitino mass
m3/2, which is supposed to be much smaller than the inflaton mass, m3/2 ≪ mΦ. Perturbation
by higher order terms are negligible because VEV of S is suppressed.6 Since the inflaton sector
does not break SUSY at the vacuum, we introduce a hidden SUSY breaking sector. We treat the
SUSY breaking sector as general as possible, but occasionally we assume a simple SUSY breaking
sector described by
J(z, z¯) =|z|2 − |z|
4
Λ2
, (11)
P (z) =µ2z +W0, (12)
where J(z, z¯) and P (z) are the Ka¨hler potential and superpotential of the SUSY breaking field
z [see equations (4) and (5)]. We also assume that VEVs of φi, J(φi, φ¯j¯), P (φi), and their
derivatives are negligibly small except for those of SUSY breaking field z, which is easily satisfied
if φi’s are charged under some unbroken symmetry.
All of the four scalar degrees of freedom and four fermionic degrees of freedom in the inflaton
sector are degenerate in their masses (= mΦ) at the zeroth order of perturbation with respect
6 Although it vanishes at the leading order, it has a value of the order of the gravitino mass after SUSY breaking.
See the following discussion.
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to SUSY breaking (m3/2). In the scalar sector, imaginary parts of T and S are still degenerate
at the first order of gravitino mass, but the sum and difference of real parts of T and S have
mass eigenvalues mΦ ∓m3/2. Also, S acquires its VEV, 〈S〉 = 〈W 〉 /2. Here we have neglected
supersymmetric mass term of S from its superpotential, FSS . Fermionic mass eigenvalues depend
on the detail of functions N and F , but in the simplest case (9), (10), they are still degenerate at
the first order in gravitino mass. For this kinematical reason, the decay of inflaton into particles
in the inflaton sector (inflatino and gravitino), if possible, is extremely suppressed.
The mass eigenstates of the canonically normalized scalar linear fluctuations are approxi-
mately given by
ΦR± =
√
gT T¯
2
(
T + T¯
)± √gSS¯
2
(
S + S¯
) ≃ 1
2
√
3
(
T + T¯
)± √3
mΦ
(
S + S¯
)
. (13)
Because the T -S oscillation time scale τosc ∼ (2m3/2)−1 is much shorter than the lifetime
τdec ∼ (M2G/m3Φ) for gravitino mass above GeV scale, decay rates from these mass eigenstates
are appropriate quantities. However, the interactions are simply described in the basis of T and
S but not of their linear combination, so for simplicity of presentation we describe partial decay
rates of inflaton in the next section as if T (or S) is the parent particle. The true rates are the
averages of those for T and S.
We take gravitino mass larger than TeV scale because we assume anomaly (or gravity) me-
diation of SUSY breaking, in which SUSY breaking is transmitted to the visible sector by the
Planck suppressed coupling to the auxiliary field of the curvature superfield R in the transformed
theory (3) due to the trace anomaly (or by the Planck suppressed coupling to the hidden sector
in the tree-level potential). We respect the philosophy of the Starobinsky model in this paper,
that is, we exploit the (super-)gravitational sector as much as possible, and do not introduce an
inflaton nor messenger fields by hand.
3 Inflaton decay
Various modulus/inflaton decay modes and their cosmological consequences have been extensively
studied in Ref. [59]. Inflaton decay in the case of no-scale supergravity has also been studied in
Ref. [60], but in our case inflaton has supergravitational origin so that the form of inflaton Ka¨hler
potential is different from that in Ref. [60]. Moreover, these works suppose that the inflaton mass
mΦ comes mainly from the second derivative WΦΦ of the superpotential with respect to the
inflaton Φ itself. In our case, on the other hand, the origin of the inflaton mass mT (≡ mΦ) is
from WTS rather than WTT . We study inflaton decay in our setup taking these differences into
account.
At the end of inflation, the inflaton oscillates around the minimum of the potential for a long
time due to its Planck-suppressed decay rate. We have numerically checked that the energy stored
in ReT does not flow into ImT or S fields in this classical oscillation dynamics. In the following,
we study various partial decay rates of the inflaton at the tree-level unless the one-loop process
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becomes leading. As stated at the end of the previous section, we first consider interactions
involving T , followed by similar analyses for S.
3.1 Two-body decay of T into scalars, spinors and gauge bosons
3.1.1 Decay into scalars
It is convenient to define the reduced scalar potential V˜ as V =
(
3
A
)2
V˜ + g
2
2 D
ADA, or equivalently,
V˜ =N S¯S |2T + FS |2 + |2S|2
(
A+NSN
S + JiJ
i
)
+ P¯i¯J
i¯jPj
+
{
2S¯
[
(2T + FS)N
S + PiJ
i − 3W ]+ h.c.} . (14)
Although T and S are singlets, derivatives of the D-term with respect to them are nonzero,
DAT =− igT i¯X¯ i¯A =
3
A2
iJi¯X¯
i¯
A = −
1
A
Gi¯DA
i¯ = − 1
A
DA ≃ −1
3
DA, (15)
DAS =− igSi¯X¯ i¯A = −
3
A2
iNSJi¯X¯
i¯
A =
1
A
NSGi¯DA
i¯ =
1
A
NADA ≃ 1
3
NSDA, (16)
where G = K + ln |W |2 is the total Ka¨hler potential, XA is the Killing vector of the Ka¨hler
manifold, and we have used the gauge symmetry of the superpotential. With the aid of the
condition of the vanishing cosmological constant, V = 0, the stationary conditions for T and S
at the vacuum, VT = VS = 0, reduce to V˜T = V˜S = 0.
Using the above formulas and the facts V˜TT = V˜T i = V˜T i¯ = 0, the relevant vertex functions
are derived as
VT˜ i˜j˜ = −
2
A
Vi˜j˜ ≃ −
2
3
Vi˜j˜ , (17)
where tilded indexes may take both of holomorphic and anti-holomorphic indexes like I˜ = I, I¯ .
This means that the interaction terms are proportional to the mass terms of scalars. There is a
same order contribution from the kinetic term. Combining mass and kinetic term contributions,
the rate is
Γ(T → φiφ¯i¯) = 3m
4
i
8piM2GmΦ
, (18)
where mi is the mass of the daughter particle φ
i. The kinetic term also provides the φiφj
production process with the rate
Γ(T → φiφj) = m
3
Φ
96piM2G
|Jij |2. (19)
The partial decay rates of inflaton into ImT , S, or S¯ and φi are suppressed by Ji and phase
space factors.
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3.1.2 Decay into spinors
It is convenient to define the reduced fermion mass matrix M˜ as MIJ = e
G/2M˜IJ , where MIJ is
the fermion mass matrix, or equivalently,
M˜IJ = ∇IGJ +GIGJ − 2
3
(〈GI〉GJ + 〈GJ 〉GI) + 2
3
〈GIGJ〉. (20)
Terms with VEVs are induced by the redefinition of the gravitino field to absorb goldstino
into gravitino. The inflaton-spinor-spinor vertex is obtained by differentiating the mass ma-
trix, MIJT = GTMIJ/2 + e
G/2M˜IJT ≃ m3/2M˜IJT . Under the approximation like A ≃ 3 and
S ≃ W/2, and neglecting Gi, GT and GS , the reduced fermion matrix M˜ij is approximated as
M˜ij ≃ Pij/W +Jij −Jijz¯Gz¯ where z is the SUSY breaking field. Under the same approximation,
M˜ijT ≃ −M˜ij . (21)
On the other hand, M˜ijT¯ vanishes at the vacuum. The kinetic term gives a same order contri-
bution. Combining the mass and kinetic term contributions, the partial decay rate is expressed
as
Γ(T → χiχ¯i¯) = m
2
imΦ
192piM2G
, (22)
where mi is the mass of the spinor χ
i. We have assumed here that the mixing terms between
matter spinors and gauginos are smaller than the diagonal parts, |MIA| ≪ |MJK |.
The partial decay rates of inflaton into inflatino or S-ino and χi are suppressed by Ji and
phase space factor.
3.1.3 Anomaly-induced decay into gauge sector
The inflaton T has the Lagrange multiplier origin so that it never appears in the gauge kinetic
function. We have to consider decay into gauge sector via the anomaly-induced one loop pro-
cess [61, 59] unless we introduce a non-minimal term depending onWA in the D-term action (see
Appendix A). The rate is [61, 59]
Γ(T → AA) + Γ(T → λλ) ≃ Ngα
2
256pi3
|XG|2m3Φ, (23)
where Ng and α are the number of the generators and the fine structure constant of the gauge
group, XG =
√
6
[
(TG − TR)KT + 2TRdR (log detK|′′R) ,T
]
, TG and TR are the Dynkin indexes of
the adjoint representation and representation R, dR is the dimension of the representation R,
and K|′′R is the Ka¨hler metric restricted to the matter whose representation is R. In our case,
the rate becomes (also see [62] for non-SUSY case)
Γ(T → AA) + Γ(T → λλ) ≃ 3Ngα
2m3Φ
128pi3M2G
(
TG − 1
3
TR
)2
. (24)
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3.2 Three-body decay of T
Let us first consider the decay channel into a scalar and two spinors involving Yukawa coupling.
There are three diagrams at the tree level that are of the same order. The effective interaction
term that reproduces the decay rate is found to be [59]
Leff ≃ −1
2
eG/2
(
GT ijk − 3ΓlT (iGjk)l
)
Tφiχjχk + h.c. (25)
In our case, the leading terms, which could lead to the typical Planck-suppressed decay rate,
cancel each other, and the remaining terms give at most Γ ∼ m23/2m3Φ/M4G.
There are also scalar three-body decay. At the vacuum, the scalar four-point vertex is given
by
VT˜ i˜j˜k˜ ≃−
2
3
(
V˜i˜j˜k˜ + VDi˜j˜k˜
)
. (26)
The leading terms in V˜ijk cancel each other in the same way as for the above fermion case.
V˜ijk ≃− 3P¯ zJzm¯(iJm¯lPjk)l, (27)
V˜ijk¯ ≃P¯l¯k¯J l¯lPijl − P¯mJmn¯k¯J n¯lPijl + 2S¯PijlJ l¯l (Jl¯k¯ − Jl¯mk¯Jm) . (28)
The rates are suppressed by gravitino or matter mass squared, Γ ∼ m2XmΦ/M2G with mX =
max[m(matter), m3/2] at most.
We also considered decay modes involving ImT , S, or their superpartners, but these rates are
at most of order of m5Φ/M
4
G with additional phase space suppression. Four- or more- body decay
rates are more suppressed by the phase space factor.
3.3 Decay of S
In the same way as the previous subsections, we study decay channel of S in this subsection.
Although S is basically conformally sequestered from the matter sector in our setup, it has
unsupressed coupling with T in the superpotential, which in turn couples to the matter sec-
tor universally. Consequently, S has unsuppressed coupling to matter in some decay channels.
Important partial decay rates are as follows,
Γ(S → φiφi) ≃ m
2
imΦ
48piM2G
, (29)
Γ(S¯ → χiχj) ≃ m
3
Φ
48piM2G
|Jij |2 (30)
Beware mS = mΦ. The above rates are calculated expanding mass terms. If there are no heavy
matter particles, the following contribution from kinetic term becomes important,
Γ(S → φiφj) ≃
mΦm
2
3/2
192piM2G
|Jij |2, (31)
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while other channels Γ(S → φiφ¯j¯) and Γ(S → χiχj) from kinetic terms are suppressed by both
of NS and matter masses. For decay modes of S involving T , see the previous subsections,
Γ(S → TX) = Γ(T → SX). The anomaly-induced decay of S involves an additional −NS factor
compared to the case of T .
3.4 Gravitino production
In this subsection we study gravitino production from the inflaton decay, which is one of the
distinguishing features from the non-SUSY version of the Starobinsky model. Although we have
treated T or S as the parent particle in the previous subsections, the mixing effect is essential
in gravitino production [63, 64]. We thus use the proper mass eigenstates (13) in evaluating the
inflaton decay rate into gravitinos.
3.4.1 Single gravitino production
The partial decay rate of a scalar particle into its superpartner and a gravitino is calculated,
e.g., in Ref. [65]. Because inflaton and inflatino are degenerate before SUSY breaking, their mass
splitting is of the order of gravitino mass. We parametrize the mass difference as mΦ −mΦ˜ =
∆m3/2. The decay rate is approximately
Γ(Φ→ Φ˜ψ3/2) ≃
m3Φ
3piM2G
(
m3/2
mΦ
)2
∆(∆2 − 1) 32 , (32)
where we explicitly wrote the reduced Planck massMG. Thus, the single gravitino production has
the suppression factor (m3/2/mΦ)
2 and (∆2 − 1)3/2 compared to the typical Planck-suppressed
decay rate O(m3Φ/M2G). In subsequent discussion, we neglect the single gravitino production rate
because it is at most of order of gravitino pair production rate discussed below.
3.4.2 Gravitino pair production
Gravitino pair production rate from modulus/inflaton decay has been extensively studied in the
literature [66, 67, 63, 64, 68]. See also Refs. [69, 70, 71, 72, 61, 59] for other decay channels and
cosmological consequences.
The gravitino pair production rate from a mass eigenstate Φ is given by [66, 67, 63, 64, 68]
Γ(Φ→ ψ3/2ψ3/2) =
|G(eff)Φ |2m5Φ
288pim23/2
, (33)
where the mass hierarchy mΦ ≫ m3/2 is assumed, and the effective coupling is given by [68]∣∣∣G(eff)Φ ∣∣∣2 = 2 ∣∣GI(A−1)IΦ∣∣2 , where A is the mixing matrix [68]. In our case, the inflaton is the
real part of T , but the real parts of T and S mix almost maximally at the vacuum (see eq. (13)).
Because the SUSY breaking of T and S are small, |GT |, |GS | ≪ 1, the effective coupling
reduces to ∣∣∣G(eff)ΦR±∣∣∣2 = 2
∣∣∣∣∣
√
3
2
GT ± mΦ
4
√
3
GS + (A−1)iΦR±Gi
∣∣∣∣∣
2
. (34)
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We will first evaluate GT and GS , and then proceed to (A−1)iΦR± . We evaluate GT using the
conditions V = eG(GIG
I − 3) + (g2/2)DADA = 0 for the vanishing cosmological constant and
VI¯ = e
G(GI¯G
JGJ − 2GI¯ + GJ¯∇I¯GJ¯ ) + g2(−(hRABI/2)DADB + DADAI) = 0, where ∇IGJ =
GIJ −GIJK¯GK¯ , for the stationarity of the potential at the vacuum. The relevant equations are
GT¯ +G
I¯∇T¯GI¯ = 3δ
(
GT¯ +
2
3
)
, (35)
GS¯ +G
I¯∇S¯GI¯ = 3δ
(
GS¯ −
2
3
NS¯
)
, (36)
where δ = g
2
6m2
3/2
DADA is the D-term SUSY breaking fraction. More explicitly, eq. (35) is
3δGT¯ + 2δ = GT¯ +GT g
I¯T∇T¯GI¯ +GigJ¯i∇T¯GJ¯ +GSgI¯S∇T¯GI¯ . (37)
We concentrate on models that deviate only slightly from the simple model (9), (10), so we
assume |NS | and |FSS | are at most of order m3/2/m2Φ. We also use S ≃W/2. For example,
GT ij¯ = −
3Jij¯
(T + T¯ −N − J)2 −
6JiJj¯
(T + T¯ −N − J)3 ≃ −
1
3
Jij¯ . (38)
Similarly, ∇TGT ≃ −2/3, ∇TGS ≃ 2/W , and ∇TGi ≃ −2Gi/3. Equation (35) becomes
0 ≃ (1− 3δ)GT¯ + 2
(
N S¯
W¯
− 1
)
GT − 2 + 2GSN
S¯S
W¯
≃ −2 + 2GSN
S¯S
W¯
, (39)
so GS is approximately given by
GS ≃ NSS¯W¯ ≃
12m3/2
m2Φ
. (40)
This implies the tiny VEV of T :
T ≃
3m23/2
m2Φ
− FS
2
. (41)
In the same way, from eq. (36), ∇SGS ≃ FSS/W and ∇SGi ≃ −NSGi/3, we obtain
0 ≃ (1− 3δ)GS¯ +
(
2NS +N S¯SF¯S¯S¯
W¯
)
GS +
(
6 +N S¯F¯S¯S¯
W¯
)
GT +
2J i
W¯
Gi + 2NS¯ . (42)
To simplify the expression, let us assume FSS = δ = 0, N = −3 + 12m2ΦSS¯ with S = W/2 at the
vacuum. Then, GT becomes
GT ≃ −6
m23/2
m2Φ
− 1
3
J iGi. (43)
If we further assume for the SUSY breaking sector that J(z, z¯) = |z|2− |z|4
Λ2
and P (z) = µ2z+W0,
J i is given by Jz ≃ |z| (1 + 2Λ2 |z|2) ≃ |z| ≃ √12(m3/2mz )2, where mz ≃ √12m3/2/Λ. It is implied
that
S ≃ W
2
(
3
A
+GT
)
=
W
2
+O
(
m33/2
m3Φ
or
m33/2
mΦm2z
)
. (44)
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Equations (41) and (44) can be used to obtain shifts of quantities e.g. A ≃ 3+3m23/2/m2Φ induced
by SUSY breaking.
The mixing matrix A has two effects: canonicalization of kinetic terms and diagonalization
of mass terms. We assume that there is a single SUSY breaking field φz = z, and its kinetic term
and mass term are dominated by the diagonal part (proportional not zz nor z¯z¯ but to zz¯) for
simplicity, and then the matrix element is simplified [68]
(A−1)zΦR± =
gz¯z
m2Φ −m2z
(√
3
2
(VT z¯ + VT¯ z¯ + Jz¯ (VT T¯ + VT¯ T¯ ))±
mΦ
4
√
3
(VSz¯ + VS¯z¯ + Jz¯ (VST¯ + VS¯T¯ ))
)
.
(45)
For the former part regarding T , only the VT T¯ ≃ 4N S¯S term remains. If m2Φ ≫ m2z, this term
cancels the term in GT proportional to Gz. For the latter part regarding S, all the four terms
are nonzero:
V˜TS =− 8N S¯SNSSS¯|S|2 − 4S¯, (46)
V˜T S¯ =− 8N S¯SNSS¯S¯ |S|2 + 2N S¯S
(
F¯S¯S¯ + 2NS¯ + 2S¯NS¯S¯
)− 8S, (47)
V˜Sz¯ + V˜S¯z¯ =
(
4
(
S + S¯
)
J k¯ + 2PlJ
lk¯
)(
Jk¯z¯ − Jz¯kk¯Jk
)
− 4P¯z¯ + 2P¯k¯z¯J k¯ − 2P¯k¯J k¯lJlm¯z¯Jm¯, (48)
at the vacuum. Among these, −4P¯z¯ cancels the leading term in GS = 12m3/2/mΦ + · · · under
the same condition m2Φ ≫ m2z. Assuming J(z, z¯) = |z|2 − |z|
4
Λ2
and P (z) = µ2z +W0, subleading
terms regarding this cancellation are still subdominant compared to terms in GT .
In summary, the effective coupling is approximated as
∣∣∣G(eff)ΦR±∣∣∣2 ≃2
∣∣∣∣∣
√
3
2
(
−6
m23/2
m2Φ
+
1
3
JzGz
m2z
m2Φ −m2z
)
± mΦ
4
√
3
(
12W¯
m2Φ
− 4G
zGzW¯
m2Φ −m2z
)∣∣∣∣∣
2
≃6
∣∣∣∣∣3m
2
3/2
m2Φ
+
m2z
m2z −m2Φ
(
1
6
JzGz ∓ W¯
mΦ
)∣∣∣∣∣
2
. (49)
Finally, the effective coupling is simplified when mz is in particular ranges:
∣∣∣G(eff)ΦR±∣∣∣2 ≃

96
(
m3/2
mΦ
)4 (
m2z ≪ mΦm3/2
)
6
(
m2zm3/2
m3Φ
)2 (
3mΦm3/2 ≪ m2z ≪ m2Φ
)
6
(
m3/2
mΦ
)2 (
m2Φ ≪ m2z
) , (50)
where we have assumed again J(z, z¯) = |z|2 − |z|4
Λ2
and P (z) = µ2z + W0 to evaluate J
zGz .
Therefore, the gravitino pair production rate is
Γ(ΦR± → ψ3/2ψ3/2) ≃
m3Φ
48piM2G
×

16
(
m3/2
mΦ
)2 (
m2z ≪ mΦm3/2
)(
mz
mΦ
)4 (
3mΦm3/2 ≪ m2z ≪ m2Φ
)
1
(
m2Φ ≪ m2z
) . (51)
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4 Constraints from gravitino abundance
We study gravitino abundance produced during and after reheating of the universe. Gravitino
is generated by various processes, (i) direct decay of the inflaton, (ii) scattering in the thermal
bath created by the inflaton decay, (iii) decay of particles such as χS and z produced by inflaton
decay, and (iv) decay of coherent oscillation of SUSY breaking field z. Similar analyses have been
done in the literature, see Refs. [73, 74, 75] and references therein.
As for direct decay of inflaton (i), we have derived various partial decay rates in the previous
sections. We assume no significant entropy dilution occurs after the reheating of the universe
due to the inflaton decay. Note that the SUSY breaking field z decays dominantly into a pair of
gravitinos, so that it does not produce entropy when it decays. We parametrize the total decay
rate of inflaton as
Γtot = X
m3Φ
M2G
, (52)
where X is defined by this equation. Among various decay channels, there is a generic decay
channel via the anomaly-induced process. If we assume that this is the dominant mode, then X
is expressed as X = Ngα
2b20/768pi
3 where b0 = 3TG − TR. The branching ratio of the gravitino
pair production is
Br(ΦR± → ψ3/2ψ3/2) ≃
1
48piX
×

16
(
m3/2
mΦ
)2 (
m2z ≪ mΦm3/2
)(
mz
mΦ
)4 (
3mΦm3/2 ≪ m2z ≪ m2Φ
)
1
(
m2Φ ≪ m2z
) . (53)
The gravitino yield Y3/2 ≡ n3/2s where n3/2 is gravitino number density and s is entropy
density, due to direct decay of inflaton is given by
Y
(direct)
3/2 =
3TRBr3/2
2mΦ
, (54)
where Br3/2 is the branching ratio into a gravitino pair, and we define the reheating temperature
TR as
TR =
(
90
pi2g∗(TR)
)1
4 √
MGΓtot. (55)
The gravitino yield becomes
Y
(direct)
3/2 =
(
90
pi2g∗(TR)
) 1
4 1
32pi
√
mΦ
XMG
×

16
(
m3/2
mΦ
)2 (
m2z ≪ mΦm3/2
)(
mz
mΦ
)4 (
3mΦm3/2 ≪ m2z ≪ m2Φ
)
1
(
m2Φ ≪ m2z
) . (56)
The gravitino yield from thermal bath is known to be [76, 77, 78, 79, 80, 75]
Y
(thermal)
3/2 ≃
min
[
2× 10−12
(
1 +
mg˜2
3m2
3/2
)(
TR
1010GeV
)
, 0.42g∗s(T3/2)
]
(TR & mSUSY)
0 (TR . mSUSY)
, (57)
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where mg˜ is the gaugino (gluino) mass at zero temperature, mSUSY is the typical soft SUSY
breaking mass. We take them as mSUSY = m3/2, and mg˜ = 2.8 × 10−2m3/2 (for m3/2 ≥ 104.5
GeV; anomaly mediation) or mg˜ = m3/2 (for m3/2 < 10
4.5 GeV; gravity mediation).
The inflaton decays into matter particles, gravitino, and SUSY breaking field. It also decays
into other SUGRA sector particles (T , S, χT , and χS) if kinematically possible, but the rate
should be highly suppressed by the phase space factor. Even if the decay is possible, these particles
decay shortly after they are produced if there are Giudice-Masiero terms |Jij | ∼ O(1). Moreover,
gravitino abundance from decay of these SUGRA sector particles X will be multiply suppressed
by tiny branching ratios of Br(ΦR± → X + anything) and Br(X → ψ3/2 + anything). Therefore
we neglect effects of these SUGRA sector particles, and consider only the SUSY breaking field z
for the process of the type (iii).
The SUSY breaking field z is produced as particles by the decay of inflaton, and it decays
dominantly into a pair of gravitinos when mΦ > 2mz ≫ m3/2 because the partial decay rate into
them is enhanced by a factor (mz/m3/2)
2, [66, 67]
Γ(z → ψ3/2ψ3/2) =
m5z
96pim23/2M
2
G
, (58)
while partial decay rates of other channels are of order Γ = O(m3z/4piM2G).
The gravitino yield as a decay product of particle z, which in turn is created by decay of the
inflaton, leads to
Y
(particle)
3/2 =
2nz
s
=
3TR
mΦ
Br(ΦR± → zz) = TRm
2
z
16piXm3Φ
. (59)
Finally we consider the process of the type (iv). For matter fields, canonically normalized
Hubble-induced mass is
√
2H. This value is close to that for critical damping 3H/2, so matter
fields rapidly moves to the instantaneous minimum, which can be regarded as zero for our purpose.
The SUSY breaking field z is also trapped near the origin until it decays at H = HD ≃ Γ(z →
ψ3/2ψ3/2) or until it starts coherent oscillation at H = HO ≃ mz. Here and hereafter the
subscripts R, D, and O refer to the time of reheating, decay of z, and beginning of coherent
oscillation of z, respectively. Assuming that the dominant channel is the model-independent
anomaly-induced decay, HR ≃ 2.2 GeV. For definiteness, we assume eqs. (11) and (12) for the
SUSY breaking sector.
The VEV of z is evaluated as 〈z〉 ≃ 2√3
(
m3/2
mz
)2
, and the energy density of coherent oscillation
z is
ρz,field = m
2
z 〈z〉2 =
12m43/2
m2z
×
1 (H > HO)( a
aO
)−3
(HO > H)
, (60)
where a is the cosmic scale factor. The entropy density is
s =
4ρ
3T
=
4H2
T
. (61)
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The gravitino yield from coherent oscillation of z is thus
Y
(field)
3/2 =
2ρz,field
mzs
=
6m43/2TR
m5z
(HO > HR > HD). (62)
If the mass scale of z is larger than the inflation scale, 2mz > mΦ, z goes close to its VEV during
inflation, and the above quantity Y
(field)
3/2 is further suppressed by a factor (m
2
Φ/2m
2
z).
So far, we have implicitly assumed the decay of z occurs at last. If the decay of z occurs be-
tween HO and HR, the energy density of gravitinos generated by the decay of coherent oscillation
of z at the time of reheating is
ρ3/2 =
12m43/2
m2z
(
aD
aO
)−3(aNR
aD
)−4( aR
aNR
)−3
, (63)
where NR stands for the time when gravitino becomes non-relativistic, HNR = (m3/2/mz)
3/2HD.
The gravitino yield is
Y
(field)
3/2 =
6m53/2TR
m6z
. (64)
If z decays even earlier than HO, the gravitino energy density is given by
ρ3/2 =
12m43/2
m2z
(
aNR
aD
)−4( aR
aNR
)−3
, (65)
so the gravitino yield is
Y
(field)
3/2 =
6m53/2TR
m4zH
2
D
. (66)
In summary, the gravitino yield from coherent z field is given by
Y
(field)
3/2 =

6m4
3/2
TR
m5z
(HO > HR > HD)
6m5
3/2
TR
m6z
(HO > HD > HR)
6m5
3/2
TR
m4zH
2
D
(HD > HO > HR)
. (67)
Because we assume no entropy production after inflaton decay until gravitino decay, the
denominators of every Y3/2 are common, so the cosmologically relevant gravitino yield is the sum
of all four terms, Y
(total)
3/2 = Y
(direct)
3/2 + Y
(thermal)
3/2 + Y
(particle)
3/2 + Y
(field)
3/2 .
Now that we have derived generic expressions for gravitino abundance, let us discuss its cos-
mological consequences for a minimal setup. Gravitinos heavier than about 30 TeV decay before
big bang nucleosynthesis (BBN), but lightest supersymmetric particles (LSPs) produced by the
gravitino decay chain may exceed the observed dark matter abundance. Such a constraint is
shown in Fig. 1 assuming wino LSP of anomaly mediation for m3/2 ≥ 104.5GeV. For smaller
gravitino mass, m3/2 < 10
4.5GeV, gravitino decay affects light element abundance. We assume
gravity mediation for this mass region and impose the standard BBN constraints [80] on the
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Figure 1: Constraint on masses of gravitino and SUSY breaking field from LSP overabundance
from gravitino decay. Blue, red, yellow, and green shaded regions, corresponding to direct pro-
duction, thermal production, z particle decay, and z coherent oscillation decay, are excluded.
parameter space in Fig. 1. In this figure, the dominant decay mode of the inflaton is assumed to
be a model-independent one, namely the anomaly-induced decay into gauge bosons and gauginos
as discussed in subsection 3.1.3. The inflaton mass is taken as mΦ = 3.2 × 1013 GeV, and the
reheating temperature after inflaton decay is TR ≃ 1.0 × 109 GeV. Instantaneous reheating oc-
curs in spite of the Planck-suppressed interaction [81]. As can be seen from the Figure, most of
the parameter space are excluded. The lower unshaded region is also excluded by the standard
constraint of the cosmological moduli problem [82, 83] unless baryon asymmetry is regenerated
e.g. by the Affleck-Dine mechanism [84]. (In this case the modulus (Polonyi) field is the SUSY
breaking field z.) Note that the range of gravitino mass 106GeV . m3/2 . 3× 1011GeV (corre-
sponding to 3TeV . mwino . TR; not shown in the Figure) is excluded by thermally produced
wino abundance [85] even without considering the wino LSP from gravitino decay. See also
Ref. [86] for non-thermal production of wino dark matter via the decay of long-lived particles. As
usual, this problem is ameliorated or solved by assuming R-parity breaking so that LSP decays
or thermal inflation [87] so that it is diluted.
5 Summary and Discussion
In this paper, we studied coupling of the SUSY Starobinsky model to matter sector in the old-
minimal supergravity, inflaton decay and its cosmological consequences. To this end, we first
transformed the supergravity theory of supercurvature R minimally coupled to matter to an
equivalent one in the form of the standard no-scale type supergravity of inflaton T plus another
matter superfield S. The notable feature there is that the interactions of the inflaton T to other
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superfields in the theory are completely determined by the fact that the origin of T is a Lagrange
multiplier. In particular, the inflaton T does not enter in the gauge kinetic function. These are
characteristic features of the SUSY Starobinsky model, unlike some other SUGRA models having
Starobinsky-like scalar potentials.
On the other hand, interactions of S have more freedom. In this paper, we assumed minimal
coupling between SUGRA sector and matter sector in the first place, but it is not protected by
any symmetries so more general coupling between S and matter are possible. It may enhance
decay rates of inflaton into matter through mixing between T and S, which results in a suppressed
branching ratio into gravitino.
We focused on model-independent decay channel of inflaton into gauge sector via the anomaly-
induced decay in section 4, but presence of heavy matter, like right-handed (s)neutrinos, and
large quadratic holomorphic term Jij in Ka¨hler potential, which is used for the Giudice-Masiero
mechanism [88], are helpful to reheat the universe efficiently. These are simply because there are
decay modes whose rates are proportional to matter mass or Jij .
Taking anomaly-induced decay into the gauge sector as the dominant decay channel, the
lower limit of the reheating temperature is a similar value, TR ≃ 1.0 × 109 GeV, to that of the
non-SUSY original Starobinsky model, and it is consistent with thermal leptogenesis [89]. The
most striking difference to the non-SUSY case is presence of the built-in long lived particle in the
theory, gravitino. We assumed gravity/anomaly mediation of SUSY breaking, and estimated the
amount of LSPs produced from decay of gravitino, which is produced either by direct decay of
inflaton, thermal scattering, decay of SUSY breaking particle or field z. The result is that most of
the parameter space (m3/2,mz) is excluded unless R-parity is broken or thermal inflation occurs.
Thus, our prediction of the mass of gravitino is 104GeV . m3/2 . 10
5GeV. A way around this
is considering more general coupling between SUGRA sector and matter sector in the original
higher supercurvature SUGRA theory.
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A Duality transformation of higher derivative SUGRA models
In this Appendix, we briefly review the duality transformation between the higher derivative
SUGRA system and the standard one described in Sec. 2. We explicitly show that the superpo-
tential and the gauge kinetic function in the standard SUGRA are linear in and independent of
T , respectively. We also discuss some generalizations.
The action including general couplings between R and matters [30] is given by
S =
∫
d4xd4θEN
(R, R¯, φ, φ¯egV )
+
[∫
d4xd2Θ2E
(
F (R, φ) + 1
4
hAB (R, φ)WAWB
)
+H.c.
]
, (68)
where R, φ and WA are the same as in Sec. 2, N is a real function of R, φ and their conjugates,
and F and hAB are holomorphic functions of R and φ. By introducing the Lagrange multiplier
chiral multiplet T and a chiral multiplet S, the action (68) becomes the following form,
S =
∫
d4xd4θEN
(
S, S¯, φ, φ¯egV
)
+
[∫
d4xd2Θ2E
(
2T (S −R) + F (S, φ) + 1
4
hAB(S, φ)W
AWB
)
+H.c.
]
. (69)
Varying it with respect to T yields the equation R = S, and we obtain the original action (68). We
can also rewrite the action (69) into the standard SUGRA form not containing higher curvature
terms as
S =
∫
d4xd4θE
[
N
(
S, S¯, φ, φ¯egV
)− (T + T¯)]
+
[∫
d4xd2Θ2E
(
2TS + F (S, φ) +
1
4
hAB(S, φ)W
AWB
)
+H.c.
]
=
∫
d4xd2Θ2E
[
3
8
(
D¯D¯ − 8R) e−K/3 +W + 1
4
hAB(S, φ)W
AWB
]
+H.c., (70)
where
K = −3 ln
(
T + T¯ −N (S, S¯, φ, φ¯egV )
3
)
, (71)
W = 2TS + F (S, φ). (72)
Notice that in the dual action (70), T does not appear in the gauge kinetic function hAB even
if there are couplings between R and WAα in the original action (68). The absence of T in the
gauge kinetic function hAB is a remarkable feature of the Starobinsky inflation in old-minimal
SUGRA models, which restricts the main reheating processes to the anomaly induced decays into
the gauge sector as discussed in Sec. 3.
We have shown that the naive generalization of the action (1) does not contain T -dependence
in gauge kinetic function hAB . One may wonder what happens if we introduce dependence of the
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gauge kinetic function on T in eq. (70) and transform it back to a higher derivative SUGRA. As
a minimal extension of eq. (70), let us consider the following action in which the gauge kinetic
function linearly depends on T ,
S =
∫
d4xd4θE
[
N
(
S, S¯, φ, φ¯egV
)− (T + T¯)]
+
[∫
d4xd2Θ2E
(
2TS + F (S, φ) +
(
1
4
hAB(S, φ) − 2HABT
)
WAWB
)
+H.c.
]
, (73)
where HAB is a constant. Here, to obtain the dual action of (73), we follow the way discussed in
Ref. [54]. We can recast the action (73) into the dual form as
S =
∫
d4xd4θEN
(
S, S¯, φ, φ¯egV
)
+
[∫
d4xd2Θ2E
(
2T
(
S −R−HABWAWB
)
+ F (S, φ) +
1
4
hAB(S, φ)W
AWB
)
+H.c.
]
.
(74)
Varying the above action with respect to T yields S = R+HABWAWB . Substituting it into the
action gives
S =
∫
d4xd4θEN
(R+HABWAWB, R¯+ H¯ABW¯AW¯B, φ, φ¯egV )
+
[∫
d4xd2Θ2E
(
F
(R+HABWAWB, φ)+ 1
4
hAB
(R+HCDWCWD, φ)WAWB)+H.c.] .
(75)
Notice that the dual action (75) contains higher dimensional operators involving HABW
AWB . It
means that the theory contains the higher derivative terms of the gauge multiplets V A. In such a
case, the inflaton T can decay into gauge bosons and gauginos through tree level couplings in the
gauge kinetic function (or in the Ka¨hler potential depending on the shift of S). Then, reheating
processes can be different from the ones we discussed in Sec. 3.
For completeness, we finally discuss a possibility that the superpotential and the gauge kinetic
function are non-linear in T . We generalize the F -term action as
S =
∫
d4xd4θE
[
N
(
S, S¯, φ, φ¯egV
)− (T + T¯ )]
+
[∫
d4xd2Θ2E
(
F (T, S, φ) +
1
4
hAB(T, S, φ)W
AWB
)
+H.c.
]
, (76)
where F (T, S, φ) and hAB(T, S, φ) are holomorphic functions of T , S, and φ
i. We can rewrite the
action (76) as
S =
∫
d4xd4θEN
(
S, S¯, φ, φ¯egV
)
+
[∫
d4xd2Θ2E
(
−2R+ F (T, S, φ) + 1
4
hAB(T, S, φ)W
AWB
)
+H.c.
]
. (77)
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Varying the above action with respect to T yields
FT (T, S, φ) +
1
4
hAB,T (T, S, φ)W
AWB − 2R = 0, (78)
and it can be implicitly solved as S = S(R, T, φ). Substituting it to eq. (76) leads to a higher
derivative SUGRA depending on R, φi, and an additional matter T . Notice that dependence on
the additional matter T vanishes if and only if F (T, S, φ) and hAB(T, S, φ) are linear functions of
T . Therefore, the non-linear dependence of T in the superpotential or the gauge kinetic function
requires a new chiral multiplet T in the dual higher derivative SUGRA theory.
In this paper, we focus on the case that T appears as the degree of freedom purely originated
from the higher derivative SUGRA terms. In this case, the corresponding action of the standard
SUGRA is given by eq. (3) [or more generally by eq. (70)].
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